Background
Proton magnetic resonance spectroscopy ( 1 H MRS) is a method that allows for examination of brain function in vivo. The most replicated finding relating to schizophrenia obtained by means of 1 H MRS is a lower level of NAA (N-acetylaspartate) in the dorsolateral prefrontal cortex, hippocampal area, temporal cortex and thalamus [1] . 1 H MRS in schizophrenic patients reveals, although less consistently, alterations in other brain metabolites. An increase in choline-containing compounds (Cho) was found in the caudate nucleus in first-episode drug-naive patients [2] and in the anterior cingulate, the frontal lobe and in the caudate nucleus in childhoodonset schizophrenia [3] . An increase of choline and myoinositol (mI) levels in the parietal white matter in acutely ill, medicated patients was also observed [4] . On the other hand, a decrease of choline level in the thalamus was found [5, 6] . Previous 1 H MRS studies in schizophrenia also reported some inconsistent results regarding Glx signal analyzed together or separately (glutamate, glutamine, GABA) [7] .
Only a few studies have confirmed existence of relations between metabolite content from different brain regions and clinical symptoms of the disease. Callicott et al. observed a correlation between negative symptoms and NAA level in the dorsolateral prefrontal cortex as well as in the thalamus and the anterior cingulate cortex (to a lesser extent). NAA level in the frontal cortex was lower in the group of schizophrenic patients compared to healthy controls. According to the presented hypothesis, negative symptoms should be related with lower NAA level in frontal lobes [8] .
According to our previous report, after at least 7 days without neuroleptic medication, a positive symptoms score correlated positively with NAA level in the frontal lobe and negatively with NAA level in the temporal lobe [7] . Another report from our facility showed the following positive correlations: negative PANSS, general scale, total scale and choline level in the thalamus (on left side) in the group of patients in the course of neuroleptic therapy (chronic patients and first-episode patients) [9] .
Choe et al. observed a positive correlation between a decrease in BPRS outcomes following the treatment and a decrease within GABA+Glu/Cr complex from the left prefrontal region [10] . Cr (creatine) level in white matter of the parietal lobe correlated positively with symptom severity in BPRS [4] . Sigmundsson et al. observed a group of patients with deficit syndrome and noticed a negative correlation between NAA level in the frontal lobe on both sides with outcomes of total PANSS scale as well as general subscale, while NAA level on the right side (but not the left) correlated negatively with outcomes of a positive subscale [11] . In the study by Galinska et al. in a group of patients after the first schizophrenia episode, negative schizophrenic symptoms correlated positively with Glx (GABA, Glu, Gln)/Cr ratio from the left temporal lobe and negatively with NAA/Cr proportion in the thalamus [12] . Fukuzako et al. studied patients with disorganized and undifferentiated schizophrenia and observed lower NAA level in the left the medial temporal lobe compared with paranoid schizophrenia patients [13] . Another study disclosed that the decrease in NAA level in the frontal lobe was higher in patients with deficit schizophrenia [14] . Tanaka et al. also observed a reverse correlation between NAA concentration in the frontal lobe and negative schizophrenic symptoms, as well as poorer WCST outcomes in chronic patients on stable doses of neuroleptics [15] . However, the majority of studies did not confirm relations between clinical symptoms and chemical compound level [13, [16] [17] [18] [19] [20] 21] .
Despite presence of differences, correlations between negative symptoms and NAA level in the frontal lobe (negative) and Glx signal in the temporal lobe (positive) were observed.
Other correlations of proton spectroscopy measures examined in schizophrenia are connections with cognitive function disorders. Bertolino et al. observed a strong correlation between NAA level in the dorsolateral prefrontal cortex and activation of working memory, including prefrontal, temporal and lower parietal cortex [22] . Delamillieure et al. found a correlation between NAA level in the medial prefrontal cortex on the right side and outcomes of Stroop test in deficit schizophrenia patients (poorer outcomes were connected with lower NAA level) [23] . Ohrmann et al. observed relations between auditory verbal learning test outcomes and level of NAA and Glx metabolites in the frontal cortex, as well as between NAA level and executive functions in schizophrenic patients [24, 25] . In studies on the first episode, Galińska et al. showed a negative correlation between NAA level in the left frontal lobe and error number in examining attention, as well as error number in WCST (executive functions) [12] . Shirayama et al. obtained similar outcomes and showed positive correlations in NAA/choline compounds proportion and negative glutamine/glutamate proportion in the medial prefrontal cortex with neuropsychological test results [26] .
The aim of the present study was analysis of correlations between schizophrenia clinical symptoms, patient cognitive outcomes and brain function in 1 H MRS. We hypothesized that metabolite ratios in the frontal and temporal regions and the thalamus would significantly predict symptomatology and cognitive performance of patients with chronic schizophrenia.
Material and Methods

Course of the study
This study included patients with diagnosis of schizophrenia according to ICD-10, admitted to the Psychiatry Clinic of the Medical Academy of Bialystok and Psychiatry Hospital in Choroszcz, Poland, during the years 2003-2006. The patients were hospitalized for mental state deterioration within both positive and negative symptoms (80-120 points in PANSS). Change of treatment was scheduled for patients included in the study based on evaluation of an attending physician due to ineffectiveness of the previous treatment or development of adverse effects.
The study consisted of 2 stages. The first (prior to implemented treatment) evaluated 1 H MRS outcomes, clinical symptoms and neuropsychological test results in the group of schizophrenic patients following discontinuation of neuroleptic therapy (wash-out period of 7 days minimum).
The next stage (the second study, after the treatment) took place after at least 40 days from administration of a particular neuroleptic agent in a standard dose (including at least 
CR
4 weeks of stable dose). The authors present outcomes of the first study. The studies were part of a larger program described in a different paper [27] .
MRS and clinical and neuropsychological examinations were performed within 48 hours.
Examination protocol was approved by the Bioethics Commission of the Medical Academy in Białystok. Every examined individual received complete data on the study and gave written consent for participation.
The studied group
The group comprised 33 men (70.2%) and 14 women (29.8%). Mean age of the patients was 32.2±5.9 years (21-45 years) ( Table 1) . Most of the patients were individuals with diagnosed paranoid schizophrenia (31 patients -66%). Simple (8 patients -17%) and undifferentiated schizophrenia (8 patients -17%) were also diagnosed.
Mental state assessment
Mental state assessment was performed based on psychiatric examination and interview, as well as PANSS (Positive and Negative Syndrome Scale) [28] .
Cognitive function examination
The battery of cognitive tests included:
1. WCST -Wisconsin Card Sorting Test. The following parameters were assessed: number of categories completed (CC) and number of perseverative errors (PE) [29] .
Trail Making Test (TMT) A and B -Time of (correct)
completion of both parts of the test [30] . 3. Verbal fluency -evaluation of verbal abilities consisting of 2 parts: category fluency task and letter fluency task (number of words in both categories) [31, 32] .
Magnetic resonance and proton magnetic resonance spectroscopy
MRI and 1 H MRS procedure:
MR imaging and MR spectroscopy examinations were performed at the Department of Radiology, Medical University of Bialystok, on a 1.5 T scanner (Picker Eclipse, Picker International Inc., Highlands Hts., OH, USA) using a standard circularly polarized head coil. T1-weighted FAST scans were obtained with imaging parameters of 300/4.5 ms (TR/TE), flip angle of 80°, and 5mm-thick sections.
The conventional FSE T2-weighted series were acquired with parameters of 5000/127.6 ms, flip angle of 90°, and 5mm-thick sections.
Voxels of 2×2×2 cm were positioned in the following regions of interest: in the left frontal lobe, left temporal lobe and left thalamus. To shorten scanning time, only the leftsided voxels were studied. The voxels were localized manually by a trained radiologist using T1-weighted sections: in sagittal, coronal and axial planes, reducing the inclusion of CSF. The left frontal lobe voxel was located above the anterior horns of the lateral ventricles and encompassed mainly frontal white matter (forceps minor) and the cortex of the superior and medial frontal gyrus. The left temporal lobe voxel was placed in the infero-lateral region of the temporal lobe, including white matter and cortex of the medial and inferior temporal gyrus. The left thalamus voxel was placed on the slice, where the thalamus (the dorsal-medial nucleus) is the most prominent and covered all thalamic nuclei and small portions of other structures such as the posterior limb of the internal capsule ( Figure 1 After application of a Legendre polynomial function to approximate the baseline, an automated curve fitting was performed using an iterative, nonlinear-least-squares fitting procedure by means of Levenberg-Marquardt algorithm. Line-shapes of the simulated peaks used in the fitting Figure 1 . Voxel placement in three regions of interest and exemplary spectra (of schizophrenic patients) with raw and fitted data for each regionthe frontal lobe (A), temporal lobe (B) and thalamus (C).
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process were fixed with 85% Gaussian and 15% Lorentzian fractions. Only spectra with the best fit (ie, spectra with exactly overlapping and adjusted raw spectrum lines [with flat residual spectral line]) were included. Then metabolites to creatine and unsuppressed water ratios were analyzed. The following metabolites were assessed: NAA at 2.01 ppm, Glx (GABA, glutamine, glutamate) in the area from 2.11 ppm to 2.45 ppm, Cho (choline-containing compounds) at 3.22 ppm, Cr (creatine plus phosphocreatine) at 3.03 ppm, mI at 3.56 ppm (Figure 1) [33].
Statistical analysis
Statistical analysis was performed by means of STATISTICA 9.0 software by Statsoft Poland. All the data was tested on normal distribution (Shapiro-Wilk test). Next, parametric or non-parametric tests were applied, depending on the outcomes.
In order to examine correlations and relations between 1 H MRS outcomes and demographic, clinical and neuropsychological data, Pearson's correlation coefficient and Spearman's rank coefficient were counted and multiple regression models were applied (stepwise forward). The significance level was considered as 0.05.
The data are presented as mean ±SD.
results
Patients were assessed after the wash-out period without neuroleptic treatment, to eliminate the influence of antipsychotics on examined measures. The mean wash-out period was 9.4±3.2 days.
The clinical and neurocognitive outcomes are presented in Table 1. Table 2 shows 1 H MRS measures in the studied group.
Correlations of 1 H MRS measures
We predicted that some data (clinical symptoms and cognitive measures) would be correlated, so we decided to perform 2 analyses assessing the clinical symptoms and cognitive outcomes as independent variables separately, to examine the most significant connections with 1 H MRS measures.
Clinical symptoms as independent variables
The analysis included correlations between negative, positive and general PANSS and 1 H MRS outcomes. Additionally, relations of clinical symptoms with demographic data were analyzed with neuropsychological outcomes for the purpose of obtaining a more complete view of the described relations.
The following significant correlations were obtained in the study: For a more precise evaluation of relations between clinical symptoms and 1 H MRS outcomes and other data, a method of multiple regression (stepwise forward) was applied.
The analysis included influence of chemical compounds on results of clinical scales separately and totally with other data that were considered most strictly connected with schizophrenia symptom severity, including neuropsychological test results.
The tables below present the following information: independent variables that were included into the regression model, measurement of matching the model to empirical data, evaluation values of standardized regression coefficients and evaluation of statistical significance. The following models, which explain independent variables variance most accurately, were obtained. As regards the equation representing outcomes of regression for PANSS -Negative score, Cho/Cr proportion in the thalamus was the only neurochemical variable that significantly explained the independent variable (20% variance) (Figure 2 ). Verbal fluency together with Cho/Cr explained 50% of the variance in PANSS -Negative score. In this model the verbal fluency variable showed significant influence on the clinical variable; CC and TMT A variables were not included into the model (Table 3 ).
The described equation illustrated a considerably strong dependency between negative aspects of schizophrenia and choline level in the thalamus as well as language functions. Neurochemical proportions introduced to the model, which explains PANSS-General score, revealed no significant influence in the regression model.
Patients mean±SD
Metabolite ratios/the frontal lobe N=45 Moreover, a regression model was built for a variable: number of categories completed (CC). The regression model for PE did not reveal any significant correlations.
Outcomes on CC variable are presented in Table 4 . The following model explained the independent variable variance most accurately. Proportion of mI/Cr in the frontal lobe explained 16% of the variance in CC scores ( Figure 3 ) and, together with education and negative symptoms score, explained 38% of the variance in CC score.
To conclude, a significant influence of mI/Cr proportion in the frontal lobe on WCST outcomes was observed -the lower the proportion, the better the outcomes. CC variable was also strongly influenced by the level of education and negative symptom severity.
discussion
Clinical symptoms of schizophrenia, mainly negative, were considerably strongly related (negatively) to Cho/Cr proportion in the thalamus; this proportion separately explained 20% of the variance in PANSS-Negative score, and together with verbal fluency variable they explained 50% of the variance in PANSS-Negative score. This may suggest existence of dependencies between choline level in the thalamus and negative symptoms of schizophrenia. Also, a considerably strong relation between negative symptoms and verbal fluency was observed -stronger severity of symptoms was accompanied by worse outcomes obtained by patients in Figure 2 . Analysis of correlation between PANSS-Negative score and Cho/Cr in the thalamus. The previous study in our facility involved a group of patients with first schizophrenia episode and chronic form of the disease and showed a correlation between clinical symptoms in PANSS, including negative symptoms, and Cho/Cr proportion in the thalamus, yet it was a positive correlation. The studied group comprised 47 patients, mainly individuals with the first episode (30 persons) [9] . We performed another analysis of the database of the described study and positive correlations were observed only in first-episode patients. Apart from this, the previous work showed that choline level in the frontal lobe in chronic schizophrenia patients was higher compared with the control group. Also, a tendency towards increased choline level in the temporal lobe was observed compared with the first-episode group. Moreover, a slight increase in choline level in the thalamus was observed in both groups compared with the control group [9] . Ohrmann et al. found a decrease in prefrontal choline level in chronic schizophrenia compared to firstepisode patients and healthy controls [24] . An increase of choline concentration was reported mostly among first-episode patients; data on chronic patients are less consistent [2, 3] . Also, a positive relation between period of untreated psychosis and choline level in the left cingulate gyrus and in the thalamus was found in first-episode patients [35] . Moreover, choline concentration may vary depending on brain region and/or white and grey matter, which may confound the comparison of different studies [36] .
This confirms the hypothesis that increased choline level occurs in different parts of the brain in pre-disease period and is observed more frequently in first-episode patients or very early disease onset, and then it is reduced with disease duration and course. The influence of the neuroleptic treatment may be the reason for some discrepancies seen in previous papers, yet in our study we analyzed patients after the neuroleptic wash-out (to eliminate the treatment effect). Analysis of our results leads to a conclusion that choline level in the thalamus is related to schizophrenia symptoms, especially negative ones. Moreover, it can be assumed that changes in choline content in proton MR spectroscopy reflect disorders in membranous phospholipid movement. A decrease in choline level is suggested to be related to a reduction in the amount of cell membrane per unit volume in a given brain region. In the literature a relation between membranous phospholipid disorders and schizophrenia negative symptoms was also observed [4, 36, 37] . However, it should be emphasized that the role of choline signals in 1 H MRS is still unclear and further studies are needed to explain its significance in schizophrenia pathogenesis [38] .
During analysis of mutual relations of neuropsychological test outcomes, 1 H MRS outcomes, clinical symptoms and other data, a significant relation between myoinositol level in the frontal lobe and WCST outcomes was observedthe higher the myoinositol level, the more perseverative errors patients made (regardless of education) and they completed fewer categories. The number of completed categories was significantly influenced also by education level and negative symptom severity. This suggests that patients with more severe negative symptoms and lower education (which are connected with each other) had poorer WCST outcomes. To date, the main correlation observed has been between NAA level in the frontal lobe and neuropsychological test results within working memory and executive functions [12, 22, 23, 25, 39] . The present study showed no significant relations between NAA/Cr proportion in the examined brain regions in schizophrenic patients and clinical symptoms and neuropsychological test results.
An increased myoinositol level and a decreased NAA level in the temporal, parietal and occipital regions have been observed in Alzheimer's disease patients. Reverse correlation between myoinositol level in parietal, parietal-occipital and frontal regions and Mini Mental State test was observed, while a positive correlations between MMS examination outcome and NAA level were also found [40] [41] [42] . A reverse correlation was observed between mI/H 2 O proportion in the temporoparietal cortex and language function and visualconstructive skill, as well as between mI/H 2 O proportion in the frontal cortex and executive functions (TMT), yet this correlation appeared insignificant after Bonferroni correction [43] . According to another study, mI/NAA proportion in the parietal region (cortex and white matter) showed a reverse correlation with MMSE outcomes and other results of CERAD test series (Consortium to Establish a Registry for Alzheimer's Disease), including verbal fluency [44] . A correlation between myoinositol level in the frontal lobes and cognitive disorders (including executive functions) was also observed in AIDS dementia. In this disorder it was also observed that changes in mI (increased) and NAA (decreased) normalized with symptom improvement following successful therapy [45, 46] .
The presented results prove the existence of relations between myoinositol level in the examined brain portions and executive functions in chronic schizophrenia patients. Those correlations were observed mainly in cases of neurodegenerative disorders, such as Alzheimer's disease, while in the cases of first schizophrenia episode and in healthy individuals a different correlation pattern was observedmost frequently, positive correlations with frontal NAA level [12, 24, 47, 48] . The data may confirm the existence of neurodegenerative processes in chronic schizophrenia.
Our study has several limitations, mostly due to the technical aspects of MRS methods. First, we analyzed metabolite/Cr ratios, not absolute concentrations. However, most studies also used ratios and Cr level is considered relatively stable by some authors [40] . On the other hand, some studies in schizophrenia reported changes in Cr signal. Amongst them, Ohrmann et al. found a decreased Cr concentration in the dorsolateral prefrontal cortex in first-episode and chronic schizophrenia patients [24] . Hence, the statement about the stability of Cr level in schizophrenic patients should be interpreted with caution. In addition, we did not perform any tissue segmentation within the volume of interest to eliminate combining white and grey matter. This procedure was not available in our study, so we cannot rule out the possibility of regional variations in metabolite concentration. The voxels from our study in the frontal and temporal lobes included white matter. Moreover, the radiologist who positioned the voxels made every effort to include
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We did not present the comparison of our group of schizophrenic patients and controls. These data were described in our other paper (the current study was part of a larger project). We found a significant decrease of NAA/Cr ratio in the frontal lobe and thalamus in the group of patients, which is consistent with most other studies [27] . However, we did not observe any differences in choline and myoinositol levels between patients and controls.
conclusions Executive functions in chronic schizophrenic patients correlated inversely with frontal myo-inositol level, which is supposed to be the marker of neurodegeneration. Negative symptoms correlated inversely with thalamic choline level, which may reflect the disorders in membranous phospholipid turnover in this structure. Study outcomes seem to confirm a significant role of the thalamus -a "transmission station" involved in connections with the prefrontal cortex -for psychopathology development (especially negative) in schizophrenia [49] [50] [51] . Moreover, the above data suggest that a neurodegenerative process may be involved in schizophrenia pathogenesis.
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